Efeito do sítio e da competição no crescimento em diâmetro de Araucaria angustifolia. Apesar do histórico de interesse pelo uso da madeira de Araucaria angustifolia, a espécie ainda é pouco conhecida no que diz respeito aos fatores que afetam seu crescimento. Um maior entendimento neste sentido pode contribuir para o desenvolvimento de sistemas de manejo adequados, aumentando, assim, a produtividade de plantios e, consequentemente, o interesse pelo uso comercial da espécie. O presente estudo foi baseado em povoamentos monoespecíficos estabelecidos em diferentes condições de sítio (Índices de Sítio entre 18-24), onde os indivíduos (n=654) foram expostos a diferentes níveis de competição. Com o auxílio de técnicas de regressão múltipla foram determinados os fatores que afetaram de forma significativa o crescimento acumulado em diâmetro das árvores passados 20 anos da intervenção. Para o conjunto formado por 'todas' as árvores, 77% da variação do crescimento pôde ser explicada por três fatores: sítio, proporção do diâmetro à altura do peito (dap) da árvore objeto de análise em relação ao dap médio do povoamento antes da realização dos desbastes (Cdap_antes) e status de dominância em relação às árvores vizinhas (Ctodas). A significância do grau de competição das árvores antes do desbaste (Cdap_antes) indica que desbastes tardios possuem efeitos limitados no crescimento das árvores. Conclui-se que os indivíduos são beneficiados por possuir uma posição dominante em relação às árvores vizinhas, atingindo diâmetros 50% maiores ao final do ciclo de produção. Desbastes que favorecem árvores selecionadas pela remoção de competidoras diretas parecem ser uma estratégia interessante de manejo para a espécie. Palavras-chave: Pinheiro-do-paraná; Manejo Florestal; Silvicultura; Produção de Madeira.
INTRODUCTION
Araucaria angustifolia (Bert.) O. Kuntze, known as Paraná pine, is typical of Mixed Ombrophilous Forest, or Forest with Araucaria. The species was responsible for an important economic cycle during the XX century, when its timber was intensively exploited. This is the reason for today being in the list of critically endangered species (THOMAS, 2013) , with severe restrictions of use.
Although the history proves the interest for using the timber of A. angustifolia, and the recognized productive potential of the species (CARVALHO, 2003; NUTTO et al., 2005; ABRAF, 2010; FIGUEIREDO F o et al., 2014) , the factors that influence its growth are still little known (SANTOS et al., 2010) . Due to the unknown 718 FLORESTA, Curitiba, PR, v. 49, n. 4, p. 717 -724, out/dez 2019 Dobner Jr., M. et.al Electronic ISSN 1982 .5380/rf.v49 i4. 58161 of ecology of the species mistakes were committed in establishing and managing plantations of A. angustifolia (SEITZ, 1986; NUTTO et al., 2005) , which together with bureaucracy for using these plantations, resulted in commercial desinterest.
The few commercial plantations of A. angustifolia currently existent (~10,000 ha, ABRAF, 2010; IBÁ, 2017) are not managed in their great majority, providing a view that does not correspond to the real potential of growth and economic viability of the species silviculture (SANTOS et al., 2010) .
A better understanding of factors that affect the growth and production can contribute for the development of proper management systems for A. Angustifolia, and thus, increase the interest for using it in commercial plantations (SANTOS et al., 2010) , which besides increasing the supply of high quality timber, could contribute with preservation of the species and biodiversity of this physiognomies (FONSECA et al., 2009) . Koehler et al. (2010) pointed out that accumulated experience shows A. angustifolia cultivation has to be preceded by a strict selection of sites once in inadequate areas the growth can be unsatisfactory.
Among the available strategies of management, thinnings are an important tool for the forester because they permit manipulating stand density and thus, productive space available for remaining trees. However, individuals in a thinned stand do not have the same conditions of growth, mainly related to competition status of each individual in relation with the neighboring ones, and to other trees in the stand. Likewise, the individual analysis of the trees, considering different indices of competition is an interesting approach that allows a better understanding of effects of competition or its absence on tree growth. Indices of competition can be dependent, independent or semi-independent of distance. The two first are self-explanatory ones. The third, semi-independent, is characterized by using the independent indices, however, considering only the neighboring trees to the object tree of the analysis, resulting in indices that characterize the local of the object tree without using distance among individuals.
As hypothesis, the conditions of site and competition among individuals influence the growth of A. angustifolia. Thus, this study was realized in order to better understand and quantify the effect of these two variables on the diameter growth of A. angustifolia.
MATERIAL AND METHODS
The study was developed in monospecific plantations in different conditions of site quality, where individuals of A. angustifolia had the environment changed by thinnings. Some stands were not thinned and helped evaluate the performance of trees at high levels of competition.
Study Area
The populations analyzed were located in the municipalities of Campo Belo do Sul and Capão Alto, Southern plateau of Santa Catarina, ~900 m altitude. According to the classification of Köppen, the climate is the Cfb type, mesothermal, wet subtropical, with cool summers, without dry seasons and with severe frosts. The average annual precipitation is from 1.300 to 2.400 mm.
Growth conditions
In the winter of 1996, different conditions for tree growth were established due to thinning in three distinct locals. Three treatments were regarded, characterized by maintenance of all trees (unthinned), removal of half the trees with thinning 'from below', and removal of the main competitor from 200 dominant trees previously selected due to dominance, quality and distribution, thus characterizing a thinning 'from above', also known as crown thinning.
Detailed information about the stands studied before and after thinning are presented in Table 1 . It is evident that different conditions for growth of trees were established.
The different growth conditions were applied in plots with ~1,500 m² (~800 m 2 used for measurements), with at least 100 individuals per plot before and 60 after interventions in each of them.
Data collection
The diameters at breast height (dbh, 1.3 m) of all individuals were obtained with measuring tape at the moment thinnings were carried out (1996) , and 20 years after intervention. In the last data collection (2016), the dominant heights were also measured for classifying the site quality of sample units, as shown in Table 1 .
Data Analysis
The trees of A. angustifolia were submitted to several growth conditions, characterized by removal of trees, site index, basal area before and after interventions. This environmental diversity at which the trees were Table 1 . Age of the stand when thinning was carried out, site index (SI) after Schneider et al. (1992) , number of trees per hectare (N), basal area (G), quadratic mean diameter (dg) per local and treatment in 1996, before and after thinning. Tabela 1. Idade do povoamento no momento do desbaste, índice de sítio (IS) segundo classificação proposta por Schneider et al. (1992) , número de árvores por hectare (N), área basal (G) e diâmetro quadrático médio (dg) por local e condição de crescimento, antes e depois dos desbastes.
Local (year of planting) Age at intervention (years) The response variable analyzed was dbh of trees at the end of the analysis period, 31-37 years, 20 years after thinning, depending on the local.
The following factors with possible influence on tree growth were evaluated: • Site index (SI), varying from 18 to 24, value corresponding to average dominant height at age reference of 40 years (SCHNEIDER et al., 1992) . • Indices of competition independent from distance, relating dbh of object tree to the analysis with average dbh of respective growth condition before and after thinnings (Cdbh_before and Cdbh_after). Values between 0.046 and 3.302 were analyzed. • Index of competition semi-independent from distance, relating transversal area of analysed individual with the sum of transversal areas of neighboring trees (j), right after performing thinning (Call), and with maximum of 8 treesall trees that surrounded the analysed one. The higher the value, the lower the competition level existent among them. The trees analyzed showed values between 0.006 and 1.961. = ∑ =1
• Index of competition semi-independent from distance, relating transversal area of individual object for analysis only with the transversal area of the largest neighboring tree right after thinning (Clargest). Values higher than 1 show the tree dominated the local, while values lower than 1 show suppression of the object tree. Values between 0.023 and 2.277 were part of the database.
Where, dbhi: diameter at breast height of object tree for analysis; ℎ ̅̅̅̅̅ : average dbh of respective growth condition to which the tree i was submitted, before and after thinning; gi: transversal area of object tree for analysis; ̅ : average transversal area of respective growth condition to which the tree i was submitted, before and after thinning; gj: transversal area of neighboring trees, from 1 to 8 individuals per object tree; glargest: the largest transversal area among the 8 possible neighboring trees.
The factors previously described were correlated (Pearson) with variable response (dbh).
With the aid of multiple regression techniques, the factors that best composed a prediction model for dbh were determined, using the lowest possible number of factors, in a biologically coherent way, aiming to maximize 720 FLORESTA, Curitiba, PR, v. 49, n. 4, out the coefficient of determination (R 2 ), and minimize the standard error of estimate (Syx). Only factors with significant parameters were kept in the models. After adjusting the model, it was only accepted after confirmation of assumptions of multiple linear regression: normality, homocedasticity and independence of residues; factors with multicollinearity were not concomitantly used in the adjusted modelsfactors with variation inflation factor (VIF) higher than 4 were not accepted. The factor with the greatest influence in R 2 of the model was kept over the other.
The modeling considered site indices as categorical variables. Preliminar analyses showed there were no significant differences of growth in dbh of the trees in the sites '20' and '22', thus these two classes of site were analyzed together, in a group called '21'.
The test of factors and adjustment of the models were carried out using the language R (R CORE TEAM, 2016), and two databases were considered: all trees (n=693) and the 200 with the largest dbh ha -1 at the end of analysis period (n=122); thus, characterizing different dominance levels.
RESULTS
The populations evaluated in this study showed mean annual increment (MAI) in commercial volume (>8 cm) between 8.2 and 23.3 m 3 ha -1 year -1 .
Considering the importance of site quality, this variable was considered categorical, reason for which linear coefficients are presented ( 0 ) distinct for the same database, one per site index (Table 2) . angustifolia, for all the trees in the stand and for the 200 trees ha -1 with the largest dbh at the end of the analysis period (31-37 years). The estimated parameters are presented (̂) for the models, considering the reduction in number of non-significant factors, the respective values of probability (p), Pearson's correlation in relation to the variable response (p<0.01=**, p<0.05=*), partial contribution of the factor to the coefficient of determination (R 2 partial) and the variation inflation factor (VIF) among present factors at the final model. The coefficient of determination (R 2 ), the standard error of estimation (Syx) in percentage and significance considering the model as a whole, are also informed. Tabela 2. Análise de regressão múltipla dos fatores que influenciam o diâmetro à altura do peito (dap) acumulado de A. angustifolia, para todas as árvores do povoamento e para as 200 árvores ha -1 de maior dap ao final do período de análise (31-37 anos). São apresentados os parâmetros estimados (̂) dos modelos já considerando a redução do número de fatores não significativos, seus respectivos valores de probabilidade (p), correlação de Pearson em relação à variável resposta (p<0,01=**, p<0,05=*), contribuição parcial do fator no coeficiente de determinação (R 2 parcial) e o VIF entre os fatores presentes no modelo final. O coeficiente de determinação (R 2 ), o erro padrão da estimativa (Syx) em porcentagem e a significância considerando o modelo como um todo, são também informados. For the data set composed of 'all' trees, a substantial portion (77%) of growth variation can be explained by the three factors analyzed and selected: site, dbh proportion of object tree with the average dbh of stand before thinning (Cdbh_before) and status of dominance in relation to neighboring trees (Call) (R 2 = 0.772).
In general, the indices of competition independent from distance, (Cdbh and Cg) showed higher correlations with dbh 'before' thinning. Therefore, it is inferred that the level of competition reached by individuals has important effect on the future growth in dbh, even though the growth environment (competition level) is later changed by thinnings.
In relation to indices of competition semi-independent from distance (Call and Clargest), it was determined that the indice regarding eight neighboring trees that surrounded the object tree was more efficent in prediciting final dbh of the trees than regarding only the largest one (Clargest). However, it is observed that Clargest was also strongly correlated with the dbh of the trees.
It was verified that all indices of competition were less correlated with final dbh of the trees when the dominance of individuals considered was higher ('200'). This behavior was coherent and expected. Whereas for all trees the indice of competition Cdbh_before represented 60% of the capacity for explaining dbh of the trees at the final study period (R 2 partial = 0.603), this one was of only 5.3% (R 2 partial = 0.053) for the '200' dominant trees ha -1 ; at the same time the importance of the site increased. In other words, once in favorable position in relation to the neighboring trees (dominant individuals), the factor that defines the growth in dbh of the trees is predominantly the site.
Fitted models are presented below: where 'I' is an indicator function that worth 1 when the site is analyzed; otherwise, 0. It is observed in Figure 1 , as detected in the regression analyses previously described, a strong positive linear relation between dbh at the end of the study period and the relation between the dbh of object tree and mean stand dbh before thinning (Cdbh_before). Similarly, the lower the relation between transversal area of object tree and the sum of transversal areas of the eight neighboring trees (Call) the lower the accumulated diameter at the end of the study period. In other words, the higher the competition to which the object tree was submitted, the smaller the diameter at the end of the studied period. The most abrupt variation of this relation is observed from values 0 to 0.5, segment of high competition.
The interpretation of the index of competition 'Call' has to be careful, once the denominator is composed by the sum of transversal areas of the eight neighboring trees. A value of Call = 0.5 means, for example, a tree with dbh of 20 cm with two neighboring trees with the same dbh, or with eight neighboring trees with dbh of 10 cm. In the second option, the tree is the dominant of the group with better condition for developing and becoming even more dominant in relation to the others. Differently from the first scenario, where the competition for resources is higher. As the same value of Call can represent different levels of competition with very distinct practical implications, dbh accumulated is also presented due to the relation of transversal area of object tree only with the largest one among the eight immediate neighboring trees (Clargest).
The criterion for classifying a tree as dominant when having transversal area larger than the neighboring tree (Clargest >1), although it has not been selected for taking part of the regression models, it had high correlation, and is an interesting indicator for the praxis, which reveals in a more simple and direct way the influence of dominance position of the tree in relation to the neighboring ones (Figure 2) . (Table 2 , IS 21), plotted according to the distance semi-independent index 'Clargest'. Figura 2. Diâmetro à altura do peito (dap) observado e estimado a partir do modelo ajustado para todas as árvores e sítio intermediário (Tabela 2, IS 21), plotados em função do índice semi-independente da distância 'Cmaior'.
It is more clearly observed in Figure 2 than in Figure 1 that trees in unfavorable dominance condition (Clargest <1) have the accumulated diameter strongly and negatively affected. For the group with all trees, the higher the competition of the neighboring trees, Clargest near 0, the lower the diameter at the end of evaluated period (~10 cm). Values close to 0.5 resulted accumulated dbh twice as much as the first one (~20 cm), while the dominant trees (Clargest >1), despite high data variability, resulted trees with dbh ~30 cm.
Grouping the trees in dominated (Clargest <1), and dominant (Clargest >1), it is verified that the average accumulated dbh at the end of analysis period was of ~20 and ~30 cm, respectively, a difference of 50% between the groups.
DISCUSSION
The mean annual increment (MAI) in volume observed in different studied populations is coherent with those related by Carvalho (2003) : 1 to 26 m 3 ha -1 year -1 ; and Nutto et al. (2005) : 10 to 25 m 3 ha -1 year -1 .
The variation of MAI observed in this study is strongly related to the site index for the sampling unit with indices varying between 18 and 24 m (reference age 40 years), according to classification proposed by Schneider et al. (1992) , shown in Table 1 .
It is known that A. angustifolia is a species demanding in soil (CARVALHO, 2003; KOEHLER et al. 2010) . Previous studies indicate that excellent sites are those where the previous vegetation was forest with soil of high base saturation (high content of interchangeable calcium and magnesium), and thick horizons 'A', characterized by the relative high organic matter content and biological activity.
The local '3' evaluated in this study (Table 1) , completely characterized as site 18, was consisted of native field and used as natural pasture during the decades that preceded the planting of A. angustifolia. The area was prepared for agricultural cultivation only a year before establishing the population, having been reforested shortly. Locals '1' and '2' had native forest, which after timber exploration and burning of residues, were immediately reforested. Indices of competition relatively simple were used. Even so, it is possible to assure that were able to explain a substantial portion of data variation. This result is possibly due to the structure simplicity of the populations analyzed, when compared with native forests with higher complexity, and whose modeling of competition effects demand indices equally more complex (CUNHA; FINGER, 2013; CASTRO et al., 2014) .
Trees submitted to a long competition period have the construction of the crown affected and need longer time after thinnings for responding to favoring by increase of available space. This lower capacity of response is the result of the same process observed in natural forests related by Seitz (1986) and assumed by Nutto et al. (2005) : adult and suppressed individuals would not be able to respond satisfactorily to opening space.
Previous studies (SEITZ, 1986; NUTTO et al. 2005) show a strong relation between dbh and crown diameter of A. angustifolia. Trees with 40 cm of dbh need crowns with 6-10 m of diameter. For a crown diameter of 8 m, there is an area of ~50 m 2 , corresponding to a density of ~200 trees ha -1 . Therefore, it is concluded that other interventions would have been necessary for the trees evaluated in this study had shown all the growth potential. The population with lower density in the moment of the present analysis showed ~700 trees ha -1 although several individuals presented dbh's larger than 30 cm, showing a high level of competition.
It was also verified that the model adjusted for all the trees was less efficient for individuals with dbh <10 cm, showing a slight tendency of superestimating the values (Figure 1) . This behavior is due to the fact that small size trees do not respond in a consistent way to the increase of available space (SEITZ, 1986; NUTTO et al., 2005) . Moreover, according to Peltoniemi and Mäkipää (2011) , studying the competition effect in mortality of Picea abies (L.) Karst, there are different answers depending on the size (dbh) of the object tree for analysis and the respective competitors: small trees do not affect the tall ones, and besides, small trees are relatively less affected by competition with big-sized individuals. Both difficult behaviors to be captured by analyses.
Similarly to the observed in this study, Nutto et al. (2005) report the increase in available space for trees of A. angustifolia due to thinnings result larger crowns, and consequently, high diamenter growth. Curto et al. (2014) also recommend thinnings in plantations of A. angustifolia in order to favor the remaining trees.
Thinings 'from above' seem to be an appropriate management strategy for A. angustifolia. This approach requires a selection of potential individualsdominant, good quality and well distributed in the standand after that, the definition of competitor individuals that should be removed to favor the first ones. Competitor individuals are also dominant and co-dominant ones that, in fact, compete for resources with potential trees.
Lower levels of competition can result (i) from the mortality of neighboring trees; (ii) from higher growth of object tree for analysis in detriment of the neighboring trees; (iii) from the removal of competitors in population intervention (thinning 'from above'). To ensure the selected dominant trees can express all growth potential, competition has to be reducted or eliminated by removing competitor neighboring trees through planned and conscious interventions. Nutto et al. (2005) claims that obtaining trees with dbh of ~40 cm is possible aiming a final density of, ~150 ha -1 , in rotations of 30-40 years, depending on the site quality. In this study, an average dbh of 40 cm for the 200 largest trees at 40 years seems to be only possible in sites of high productive capacity (IS 24), and even so, provided that they grown under favorable growth conditiondominant in relation to neighboring trees. However, it is once more highlighted that further interventions would have been necessary in the studied stands in order to control the competition among the individuals during the 20 years that succeeded thinning.
The space opened by thinnings is rapidly occupied by the crowns of remaining treesthe faster the lower the thinning intensity. This speed for occupying avilable space is also closely related to the site quality (NUTTO et al., 2005) . This seems to be the reason for which it was not possible to detect diferences between the growth of dominant and dominated trees in lower quality sites. Possibly, in these sites, the intensity of thinnings was insufficient. In the more productive sites that support higher populational densities and competitions levels, there was significant benefit in the growth of all trees, mainly for those that already were dominant in relation to the stand average. Some individuals, even exposed to a favorable condition of low competition, expressed by the dominance in relation to the neighboring trees, did not showed a higher growth in diameter. Other factors, such as soil depth or the presence of big-sized trees besides the eight adjacent neighboring ones can be probable causes for this inconsistency.
CONCLUSIONS
The results of the study allow the following conclusions:
• Multiple regression models were successfully fitted, showing that the site quality and competition level exerted by neighboring trees are important factors for the accumulated growth in diameter when all trees in a
